Grinnell KL, Casserly B, Harrington EO. Role of protein tyrosine phosphatase SHP2 in barrier function of pulmonary endothelium. Am J Physiol Lung Cell Mol Physiol 298: L361-L370, 2010. First published December 18, 2009 doi:10.1152/ajplung.00374.2009.-Pulmonary edema is mediated in part by disruption of interendothelial cell contacts. Protein tyrosine phosphatases (PTP) have been shown to affect both cell-extracellular matrix and cell-cell junctions. The SH2 domain-containing nonreceptor PTP, SHP2, is involved in intercellular signaling through direct interaction with adherens junction proteins. In this study, we examined the role of SHP2 in pulmonary endothelial barrier function. Inhibition of SHP2 promoted edema formation in rat lungs and increased monolayer permeability in cultured lung endothelial cells. In addition, pulmonary endothelial cells demonstrated a decreased level of p190RhoGAP activity following inhibition of SHP2, events that were accompanied by a concomitant increase in RhoA activity. Furthermore, immunofluorescence microscopy confirmed enhanced actin stress fiber formation and diminished interendothelial staining of adherens junction complexassociated proteins upon SHP2 inhibition. Finally, immunoprecipitation and immunoblot analyses demonstrated increased tyrosine phosphorylation of VE-cadherin, ␤-catenin, and p190RhoGAP proteins, as well as decreased association between p120-catenin and VE-cadherin proteins. Our findings suggest that SHP2 supports basal pulmonary endothelial barrier function by coordinating the tyrosine phosphorylation profile of VE-cadherin, ␤-catenin, and p190RhoGAP and the activity of RhoA, signaling molecules important in adherens junction complex integrity.
Protein tyrosine phosphatases (PTP) have been shown to affect both cell-extracellular matrix and cell-cell junctions. The SH2 domain-containing nonreceptor PTP, SHP2, is involved in intercellular signaling through direct interaction with adherens junction proteins. In this study, we examined the role of SHP2 in pulmonary endothelial barrier function. Inhibition of SHP2 promoted edema formation in rat lungs and increased monolayer permeability in cultured lung endothelial cells. In addition, pulmonary endothelial cells demonstrated a decreased level of p190RhoGAP activity following inhibition of SHP2, events that were accompanied by a concomitant increase in RhoA activity. Furthermore, immunofluorescence microscopy confirmed enhanced actin stress fiber formation and diminished interendothelial staining of adherens junction complexassociated proteins upon SHP2 inhibition. Finally, immunoprecipitation and immunoblot analyses demonstrated increased tyrosine phosphorylation of VE-cadherin, ␤-catenin, and p190RhoGAP proteins, as well as decreased association between p120-catenin and VE-cadherin proteins. Our findings suggest that SHP2 supports basal pulmonary endothelial barrier function by coordinating the tyrosine phosphorylation profile of VE-cadherin, ␤-catenin, and p190RhoGAP and the activity of RhoA, signaling molecules important in adherens junction complex integrity.
RhoA; protein tyrosine phosphorylation THE PULMONARY ENDOTHELIUM regulates protein and fluid extravasation at the alveolar-capillary interface. In acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), this barrier is disrupted, resulting in vascular leakage and pulmonary edema (69) . Identification of the cellular components involved in the pathogenesis of these diseases is extremely important for the development of efficacious treatments.
The barrier disruption involved in ALI and ARDS is mediated, in part, by the breakdown of interendothelial cell adhesions (24, 36, 68, 69) . Numerous studies support a link between increased protein tyrosine phosphorylation and vascular permeability (7, 59, 68, 75) . Agonists have been shown to stimulate protein tyrosine phosphorylation in cultured endothelial monolayers, as well as in lungs in vivo; in all cases, an increase in tyrosine phosphorylation correlated with increased permeability (2, 3, 20, 27, 58, 62) .
The level of protein phosphorylation within the cell is controlled by the opposing actions of the protein kinases and protein phosphatases. Protein phosphatases are divided into three groups: serine/threonine-specific protein phosphatases; dual-specificity phosphatases, which can dephosphorylate protein substrates on serine, threonine, and tyrosine residues; and the protein tyrosine phosphatases (PTP) (64) .
PTP, the most abundant type of cellular phosphatase, are divided into four classes, composed of 44 isoforms; the majority belong to either the receptor-type or nonreceptor-type class (53) . Several studies have shown that general PTP inhibition leads to an increase in endothelial monolayer permeability (70, 74) . Several PTP isoforms, PTP, PTP1B, and VE-PTP, have been implicated in the regulation of endothelial paracellular permeability (48, 51, 62) . In both human pulmonary artery and lung endothelial cells (EC), PTP expression was observed almost exclusively at cell-cell contacts, bound directly to VE-cadherin (62) . PTP protein suppression significantly impaired endothelial barrier function, whereas overexpression resulted in decreased tyrosine phosphorylation of VE-cadherin and enhanced barrier function (62) . In human umbilical vein EC, overexpression of PTP1B stabilized VE-cadherin-mediated adhesions by reducing VE-cadherin tyrosine phosphorylation, and decreased monolayer permeability, whereas suppression of PTP1B generated opposite effects (48) . Similarly, suppression of VE-PTP resulted in barrier dysfunction of endothelioma cells and diminished homotypic interactions of VE-cadherin (51) .
The SH2 domain-containing nonreceptor PTP, SHP2, has been shown to associate with VE-cadherin through ␤-catenin. Thrombin-induced loss of SHP2 from adherens junctions has correlated with increased tyrosine phosphorylation of ␤-catenin and ␥-catenin, altering their association with ␣-catenin and leading to adherens junction disassembly (66) . While SHP2 has been shown to associate with VE-cadherin and its adherens junction components (66, 74) and to play a role in the regulation of angiogenesis (45) , a direct link between SHP2 and endothelial barrier function has not been established. This study is the first to show that SHP2 is essential for maintenance of endothelial barrier function in the pulmonary vasculature, both in cultured monolayers and in intact lungs. Additionally, the results of this study imply that inhibition of SHP2 promotes endothelial barrier dysfunction through enhanced tyrosine phosphorylation of p190RhoGAP, VE-cadherin, and ␤-catenin and RhoA activation, resulting in adherens junction disassembly.
MATERIALS AND METHODS
Cell lines and reagents. Rat lung microvascular endothelial cells (LMVEC) and bovine pulmonary artery endothelial cells (PAEC) from Vec Technologies (Rensselaer, NY) were maintained in MCDB-131 (Vec Technologies) and MEM supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA), 1% sodium pyruvate, and 1% penicillin/streptomycin/fungizone (Invitrogen, Carlsbad, CA), respectively, and used between passage 5 and passage 11. LMVEC and PAEC used throughout the study maintained the traditional endothelial cell characteristics of von Willebrand factor and VEcadherin expression, uptake of acetylated LDL (unpublished observations), and positive staining for characteristic lectins.
SHP2 inhibitor, 8-hydroxy-7-(6-sulfonaphthalan-2-yl)diazenyl-quinoline-5-sulfonic acid (NSC-87877), was purchased from Calbiochem (San Diego, CA). Pan SHP2, VE-cadherin, p120-catenin, RhoGDI-1␣, and RhoA antibodies, as well as the antibody directed against phosphorylated tyrosine (pY99), were obtained from Santa Cruz Biotechnologies (Santa Cruz, CA). Antibodies directed against p190RhoGAP-A and ␤-catenin were obtained from BD Transduction Laboratories (San Jose, CA). Expression of influenza hemagglutinin (HA) was detected using an antibody from Roche Applied Science (Indianapolis, IN). Texas redconjugated and Alexa Fluor 488-conjugated phalloidin were obtained from Molecular Probes (Eugene, OR).
The prokaryotic expression vector encoding the catalytically inactive SHP2 mutant (C459S) was obtained from Addgene (Addgene plasmid 8382; Cambridge, MA), referred to as SHP2 C459S . Prokaryotic expression vectors encoding the GST-RBD, GST-RhoA(Q63L), and GST-RhoGDI-1␣ motifs were kind gifts from Dr. John G. Collard (The Netherlands Cancer Institute, Amsterdam, The Netherlands) (55), Dr. Keith Burridge (UNC School of Medicine, Chapel Hill, NC) (50), and Dr. Allan Hall (University College, London, UK), respectively. The pGFP-C1 vector was purchased from Clontech (Mountain View, CA).
Transfection. Transient transfection of PAEC was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Optimal overexpression of GFP and SHP2 C459S was confirmed to occur in PAEC transfected with the prokaryotic expression vectors at 48 h posttransfection.
Endothelial monolayer permeability. Changes in endothelial monolayer permeability were assessed using the electrical cell impedance sensor technique (Applied Biophysics, Troy, NY) as previously described (28) . For analysis of monolayer permeability following transfection with SHP2 C459S or GFP, cells were transfected in plastic tissue culture dishes, trypsinized 48 h posttransfection, and replated onto collagen-coated ECIS arrays. Cells were allowed to adhere to arrays for 5 h in a tissue culture incubator; the arrays were then placed in the ECIS chamber and allowed to equilibrate for 4 h. Thus, resistance of transfected monolayers was assessed 57 h posttransfection. For all experiments, overexpression of protein of interest was confirmed by immunoblot analysis of monolayers, post-ECIS measurements.
Immunoblot analyses. Equivalent amounts of protein were resolved by SDS-PAGE and immunoblotted as previously described (32) .
Immunoprecipitations. Immunoprecipitations were performed using 500 g of lysate, as detailed in Ref. 29 .
Immunofluorescence analyses. Endothelial cells were seeded onto collagen-coated glass coverslips and treated as described. The cells were washed with PBS, fixed with 4% paraformaldehyde, and rendered permeable with 0.1% Triton X-100. Following blocking in 5% normal serum, the cells were incubated with primary antibody raised against ␤-catenin, VE-cadherin, or HA, or with fluorescently conjugated phalloidin. Following removal of primary antibodies, cells were incubated with fluorescently conjugated secondary antibodies and then viewed and recorded at ϫ1,000 magnification with a Nikon Eclipse E400 fluorescence microscope interfaced with a SPOT Diagnostics Instruments digital camera.
RhoA activity assay. RhoA activity was determined as previously detailed (30, 42) . Briefly, endothelial cells were lysed in FISH buffer (10% glycerol, 50 mM Tris, pH 7.4, 100 mM NaCl, 1% Nonidet P-40, and 2 mM MgCl2). The lysates were incubated on ice for 10 min and then cleared by centrifugation at 15,000 g for 10 min at 4°C. Equivalent volumes of supernatants were incubated with 50 g of bacterially produced GST-rhotekin binding domain (RBD) bound to glutathione sepharose beads for 2 h at 4°C. The beads were then washed with FISH buffer and resuspended in 30 l of 2ϫ Laemmli buffer. Protein complexes bound to the beads were resolved on 15% SDS-PAGE and then transferred to Immobilon-P membrane for immunoblot analysis using an antibody directed against RhoA. Parallel immunoblots were performed with corresponding total cell lysates, allowing for calculation of the ratio of active RhoA to total RhoA. p190RhoGAP activity assay. Activity of p190RhoGAP was assessed as in Fordjour (21) and Noren et al. (50) . Briefly, endothelial cells were lysed in a HEPES-based buffer (50 mm HEPES, pH 7.5, 50 mm NaCl, and 1 mm MgCl2). The lysates were incubated on ice for 10 min and then cleared by centrifugation at 15,000 g for 10 min at 4°C. Equivalent volumes of supernatants were incubated with 50 g of bacterially produced GST-RhoA(Q63L) bound to glutathione sepharose beads for 2 h at 4°C. The beads were then washed with lysis buffer and resuspended in 30 l of 2ϫ Laemmli buffer. Protein complexes bound to the beads were resolved on 10% SDS-PAGE and then transferred to Immobilon-P membrane for immunoblot analysis using an antibody specific for p190RhoGAP-A. Parallel immunoblots were performed with corresponding total cell lysates, allowing for calculation of the ratio of active p190RhoGAP-A to total p190RhoGAP-A.
Measurement of edema in rat lungs. All animal experimental protocols were approved by the Providence Veterans Affairs Medical Center and Brown University Institutional Animal Care and Use Committee and comply with the Health Research Extension Act and the Public Health Service policy. For the ex vivo lung edema studies, lungs were isolated from anesthetized adult male Sprague-Dawley rats (250 -500 g) and perfused as previously described (35) . Filtration coefficient (kf) was determined by the rate of weight gain during the final 2 min, following an increase in P v pressure by ϳ8 cmH2O (high hydrostatic challenge) for 15 min divided by the change in capillary pressures induced by the double occlusion technique. kf was normalized to 100 grams of wet lung mass, empirically derived as 0.00472 body mass (65) . After establishment of baseline kf, lungs were returned to basal pressures, and either vehicle or indicated concentration of NSC-87877 was added to the reservoir and allowed to circulate for 30 min, after which a second kf measurement was taken.
For the in vivo lung edema studies, adult male Sprague-Dawley rats were anesthetized and a catheter placed in the external jugular vein. Blood volume of the rats was calculated as detailed in Lee and Blaufox (38) . The rats were then randomly given a 100 M dose of the SHP2 inhibitor, NSC-87877, or a corresponding dose of vehicle (H2O) in 1 ml of 1ϫ PBS through the jugular vein catheter. Five minutes after infusion of the vehicle or SHP2 inhibitor, 1.25 ml of 4% Evans blue dye (EBD)-conjugated albumin in PBS was injected at the same site. The animals were killed after an additional 45 min, the pulmonary vasculature was perfused with 3 ml of PBS via the right ventricle, and the lungs were removed and homogenized in 2 ml of formamide and incubated at 60°C overnight. The amount of dye in the lungs was then determined spectrophotometrically and extrapolated from a standard curve.
Statistical analyses. For three or more groups, differences among the means were tested for significance in all experiments, using ANOVA with the Fisher least significance difference test. For two groups, differences among the means were tested for significance using Student's unpaired t-test or paired t-test. Significance was reached when P Ͻ 0.05. Data are presented as means Ϯ SE; n is indicated for each set of data.
RESULTS

SHP2 inhibition disrupts the pulmonary endothelial barrier.
The current study further investigated the role of SHP2 in endothelial cell function, focusing on its role in regulating monolayer permeability. In the first set of experiments, we tested the effects of SHP2 inhibition on barrier function of pulmonary endothelial monolayers. Equivalent numbers of PAEC were transiently transfected with eukaryotic vectors encoding a catalytically inactive form of SHP2, C459S (referred to as SHP2 C459S ) or GFP, as a control. In the absence of any edemagenic agents, we noted that the resistance across the monolayers overexpressing SHP2 C459S was significantly decreased compared with those endothelial cells transfected with GFP (Fig. 1A) , with an average difference in resistance between GFP and SHP2 C459S transfected endothelial monolayers of ϳ100 Ϯ 10 ohms (Supplemental Fig. S1 ; Supplemental data for this article is available online at the AJP-Lung web site.). Similarly, treatment of endothelial cells with the SHP2 chemical inhibitor NSC-87877 demonstrated significant increases in monolayer permeability in a dose-dependent manner (Fig. 1B) . Because chelation of divalent cations is known to disrupt adherens junction complexes (10) and promote endothelial barrier dysfunction (23), we next compared the degree of change in resistance across the endothelial monolayers exposed to the SHP2 inhibitor with that of endothelial monolayers exposed to EGTA. We noted that the maximum change in resistance of endothelial cell monolayers exposed to the SHP2 chemical inhibitor increased in a stepwise fashion upon increasing doses of NSC-87877 (Supplemental Fig. S2 ). In addition, at the greatest concentration of NSC-87877 used, the maximum drop in resistance across these monolayers was less than those in which the adherens junctions were disrupted by the ion chelating agent (100 M NSC-87877, 131.5 Ϯ 5.3 ohms; 1.5 mM EGTA, 257.74 Ϯ 12.2 ohms).
Immunofluorescence microscopy analyses correlated the observed barrier dysfunction upon SHP2 C459S overexpression with enhanced level of interendothelial cell gapping and disruption of adherens junctions, as determined by diminished VE-cadherin and ␤-catenin staining, as well as increased stress fiber formation (Fig. 2) . Again, similar results were noted in NSC-87877-treated endothelial monolayers (Supplemental Fig. S3 ). While total levels of VE-cadherin and ␤-catenin did not differ significantly between the transfected endothelial cells, both overexpression of the catalytically inactive SHP2 (Fig. 3, A and B) or treatment with NSC-87877 (Fig. 3, C and  D) resulted in a significant increase in tyrosine phosphorylation of both VE-cadherin and ␤-catenin. In addition, endothelial monolayers overexpressing SHP2
C459S demonstrated a reduced association between p120-catenin and VE-cadherin, relative to GFP overexpressing endothelial cells (Fig. 4) . These results suggest that SHP2 regulates endothelial barrier function by maintaining adherens junction integrity through the suppression of tyrosine phosphorylation of adherens junction proteins, thus preserving the protein-protein interactions and complex formation.
Next, to determine if our in vitro observations correlated with a role for SHP2 in regulating endothelial barrier function in the lung, we assayed the effects of NSC-87877 on edema formation in the lung, using both ex vivo and in vivo models (35) . Lung filtration coefficients (k f ) were determined in isolated, perfused rat lungs at baseline and following exposure to vehicle or increasing doses of NSC-87877. At 100 M NSC-87877, we observed an approximately fourfold increase in k f compared with baseline, whereas vehicle had no significant effect (Fig. 5A) . Additionally, lung edema formation, as assessed by measuring the level of EBD-conjugated albumin extravasation into the lung, demonstrated a significant level of edema formation in the lungs of rats administered 100 M NSC-87877 compared with the lungs of animals administered vehicle (Fig. 5B) . These findings support a role for SHP2 in maintaining endothelial barrier function within the pulmonary vasculature and suggest that a change in SHP2 activity could contribute to formation of lung edema.
SHP2 inhibition inversely affects the activities of RhoA and p190RhoGAP. Since RhoA activity is closely associated with endothelial barrier function through regulation of adherens junctions and stress fibers (1, 12, 43, 54, 71, 73) , we next assayed its activity in endothelial cells overexpressing catalytically inactive SHP2, relative to GFP overexpression, as well as in those cells treated with NSC-87877 vs. vehicle. Affinity precipitation assays revealed that molecular inhibition of SHP2 caused a significant increase in RhoA activity compared with GFP overexpressing endothelial cells (Fig. 6A) . Parallel experiments similarly noted enhanced RhoA activity in NSC-87877-treated endothelial cells relative to vehicle-treated endothelial cells (Fig. 6C) . Similarly, we noted a significantly lower amount of GDI-1␣-bound RhoA in endothelial cells overexpressing SHP2
C459S
, relative to GFP (Fig. 6B) , as well as in those incubated with NSC-87877 (Fig. 6D) , indicating a reduced level of GDP-bound, inactive RhoA in these cells.
RhoA activity is regulated by the action of the GTPaseactivating protein p190RhoGAP (57), thus, we next examined the activity of p190RhoGAP, as we have done previously (21) .
Endothelial cells overexpressing SHP2
C459S demonstrated a significant reduction in the activity of p190RhoGAP (Fig. 7A) . Similar results were noted in endothelial cells treated with NSC-87877 compared with vehicle (Fig. 7B) . Because p190RhoGAP tyrosine phosphorylation is thought to regulate its activity, we next assayed this endpoint. We found that expression of SHP2 C459S protein led to an increase in tyrosine phosphorylation of p190RhoGAP (Fig. 7C ). These data, in conjunction with our observed decreases in barrier function and disruption of adherens junctions following SHP2 inhibition, suggest that SHP2 acts upstream of RhoA in the pulmonary vasculature, serving to suppress its activity under normal physiological conditions, possibly through modulation of its negative regulator, p190RhoGAP.
DISCUSSION
We demonstrate, for the first time, a functional role for SHP2 in the regulation of pulmonary vasculature, with SHP2 inhibition causing edema in rat lungs and barrier dysfunction in cultured pulmonary endothelial cell monolayers. Intercellular gapping occurred in endothelial cells in which SHP2 was inhibited, marked by disruption of adherens junctions, effects that were accompanied by an increase in tyrosine phosphorylation of VE-cadherin, and ␤-catenin, as well as p190RhoGAP, and dissolution of protein-protein interactions between p120-catenin and VE-cadherin. SHP2 inhibition also increased RhoA activity and attenuated p190RhoGAP activity. Thus, our findings suggest that SHP2 activity is important in regulating the pulmonary endothelial barrier by coordinating the tyrosine phosphorylation profile and subsequent activities of key signaling molecules that serve to stabilize adherens junctions, including VE-cadherin, ␤-catenin, and p190RhoGAP and RhoA.
The vascular endothelial barrier is maintained through a balance of cell-cell and cell-extracellular matrix interactions (26, 44, 47, 61) . Tight junctions and adherens junctions function to regulate paracellular transport, and, as such, are essential in the regulation of edema formation (26, 44) . Numerous studies have been aimed at deciphering how the structures of both tight junctions and adherens junctions are altered in response to various agents (2, 3, 20, 27, 34, 39, 58) . The findings of many studies implicate that the phosphorylation state of the protein components regulate junction integrity by affecting the stability of the intercellular protein interactions (67). Our findings that increased tyrosine phosphorylation of VE-cadherin and ␤-catenin correlated with disruption of adherens junction integrity and overall endothelial barrier dysfunction in the setting of SHP2 inhibition corroborate earlier studies that assayed the effects of edematogenic agents on endothelial monolayer permeability (2, 3, 7, 18, 20, 27, 58, 66, 74) .
PTP activity has been shown to be crucial in maintaining endothelial monolayer barrier function. Using general PTP inhibitors, several groups have shown that PTP inhibition promoted the disruption of cell-cell contacts, as well as a breakdown of cell-extracellular matrix junctions, effects that were accompanied by a concomitant decrease in endothelial barrier function (16, 25, 41, 60, 74, 76) . In addition to VEcadherin, an increase in the tyrosine phosphorylation levels of various tight junction and focal adhesion components has been shown to play a key role in regulating endothelial monolayer permeability (41, 60, 76) . While our data suggest that SHP2 modulates vascular permeability in the lung through regulation of VE-cadherin, ␤-catenin, and p190RhoGAP tyrosine phosphorylation, we cannot discount the possibility that SHP2 also acts on other adherens junction components. Indeed, adherens junction stability is known to be regulated in part by p120-catenin. Disruption of the interaction between p120-catenin and VE-cadherin has been associated with the endocytosis of both proteins and the activation of RhoA (17) . Thus, while we show SHP2 inhibition promotes disruption of p120-catenin/VE-cadherin protein-protein interactions, further work is needed to determine if these changes were a result of altered phosphorylation of either or both adherens junction proteins.
Evidence for the role of select PTP isoforms in regulating monolayer permeability is limited. VE-PTP was shown to associate with VE-cadherin through an extracellular domain and functioned to decrease its tyrosine phosphorylation (49, 51) . Additional studies demonstrated a role for VE-PTP in regulating endothelial monolayer permeability, possibly through maintaining VE-cadherin homotypic interactions and cell-cell integrity (51) . More recently, the isoforms PTP, PTP1B, and SHP2 were found to play a role in regulating the tyrosine phosphorylation level of adherens junction components, primarily through VE-cadherin (48, 62, 66) . Ukropec et al. (66) found decreased SHP2 localization to interendothelial junctions following thrombin treatment, an event that coincided with disruption of VE-cadherinmediated complexes and a significant increase in the tyrosine phosphorylation level of its associated catenins in human umbilical vein endothelial cells. While all of the PTP isoforms referenced above have been shown to bind to adherens junction-associated proteins, all but SHP2 have been shown to affect endothelial monolayer permeability. A functional in vivo role for any of these PTP has not been established. The results of the current study are the first to demonstrate a functional role for SHP2 in maintaining pulmonary endothelial barrier function both in vitro and in vivo. The dose of NSC-87877 used in the in vivo experiments is significantly higher than the IC 50 values established in vitro. Thus it is possible that in addition to attenuating SHP2 activity, the NSC-87877 compound may also be affecting the activities of other PTP, such as SHP1 or PTP1B (15) . However, in vitro experiments using a molecular inhibitor of SHP2 support a crucial role for this PTP in regulating endothelial barrier function.
Studies have demonstrated an intimate role for the small Rho GTPases, RhoA, Rac1, and cdc42, in modulating endothelial monolayer permeability (11, 72) , through the regulation of intracellular stress fiber formation and cell-cell and cell-extracellular matrix interactions (11, 13, 63, 71) . However, the regulation of these GTPases by PTP in the endothelium is not known. We found that chemical or molecular inhibition of SHP2 led to a significant increase in RhoA activity that correlated with disruption of adherens junctions and stress fiber formation. Similar to our findings, RhoA activation was elevated in SHP2-null cardiomyocytes as well as in fibroblasts overexpressing SHP2 catalytic mutants (37, 56) . However, Fig. 4 . Overexpression of catalytically inactive SHP2 leads to reduced association of p120-catenin and VE-cadherin. Equivalent numbers of PAEC were transfected with GFP or SHP2 C459S for 48 h. Equivalent amounts of endothelial cell lysate were immunoprecipitated with an antibody directed against p120-catenin, and precipitates were immunoblotted for VE-cadherin. The immunoblots were then stripped and reprobed for p120-catenin. N ϭ 3; *P Ͻ 0.05 vs. GFP. data are lacking regarding the effect(s) of SHP2 on RhoA signaling within the pulmonary endothelium.
In settings of edemagenic endothelial barrier dysfunction, RhoA activity is increased, leading to stress fiber formation, cellular contraction, and intercellular gapping (19, 46, 72) . Several studies have demonstrated that inhibition of RhoA or its downstream signaling molecule, Rho kinase, attenuated agonist-induced endothelial monolayer permeability through maintenance of adherens junctions and diminished stress fiber formation (1, 12, 43, 54, 71, 73) . A dynamic interplay between the actin cytoskeleton and adherens junction proteins has been proposed, whereby cortical actin stabilizes adherens junctions, whereas formation of stress fibers leads to junction disruption (19, 46) . It has also been suggested that RhoA may modulate adherens junction stability through phosphorylation by Rho kinase (71). Thus, it is possible that SHP2 modulates adherens junction formation both directly, through its interaction with VE-cadherin, as well as indirectly, through modulation of RhoA activation. Future experiments will further investigate the role of the small Rho GTPases in SHP2-mediated pulmonary endothelial barrier function. p190RhoGAP has been shown to regulate RhoA activity (4) and to be important in restoration of endothelial barrier function (33) . In several studies, p190RhoGAP tyrosine phosphorylation has been inversely correlated with increased activity (5, 6, 8, 14, 33, 50, 52) . While Noren et al. (50) demonstrated that increased p190RhoGAP activity coincided with enhanced tyrosine phosphorylation, the majority of studies have not di- rectly examined the enzymatic activity of p190RhoGAP, but instead rely on RhoA activity as an indirect barometer of p190RhoGAP activity (5, 6, 8, 14, 33, 50, 52) . We provide evidence that SHP2 inhibition attenuated the activity of p190RhoGAP in pulmonary endothelial cells, an effect that correlated with increased p190RhoGAP tyrosine phosphorylation. Additional work is needed to establish the role of tyrosine phosphorylation in regulating p190RhoGAP activity.
Whether p190RhoGAP tyrosine dephosphorylation by SHP2 directly or indirectly affects the GAP activity is not known. Bregeon and colleagues (9) suggest that p190RhoGAP activity is regulated by an additional signaling molecule, which is also a substrate for SHP2. Thus, it is possible that in the setting of SHP2 inhibition, p120-catenin affects adherens junction stability via p190RhoGAP.
It is likely that the phosphorylation profile of tyrosine, serine, and threonine residues of p190RhoGAP differentially regulates its activity. Indeed, a recent study indicated that phosphorylation of select p190RhoGAP serine and threonine residues dictated its phospholipid preference, hence GAP activity (21, 40) . While we have previously established a role for PKC␦ as a binding partner of p190RhoGAP and as an important positive regulator of the pulmonary endothelium barrier function (31), we recently have shown that PKC␦ regulates monolayer permeability independently of p190RhoGAP (21). Fig. 7 . Inhibition of SHP2 correlates with decreased p190RhoGAP activity and increased tyrosine phosphorylation of p190RhoGAP. PAEC were transfected with SHP2 C459S or GFP (A and C) or confluent LMVEC monolayers were incubated with 100 M NSC-87877 for 3 h (B). A and B: equivalent amounts of lysate were incubated with GST-RhoA(Q63L) conjugated to agarose beads, and precipitates, in parallel with total lysates, were immunoblotted for p190RhoGAP. Equivalent amounts of lysates were immunoprecipitated with anti-p190RhoGAP antibody, and the precipitates were immunoblotted for phosphorylated tyrosine (C). Membranes were then stripped and reprobed for total p190RhoGAP. Data are presented as means Ϯ SE; n ϭ 3. *P Ͻ 0.05 vs. GFP or vehicle, respectively; §P Ͻ 0.08 vs. GFP.
One important finding of our study is that inhibition of SHP2 promotes lung endothelial barrier dysfunction in vivo and in vitro, suggesting that constitutive activation of SHP2 is crucial in maintaining endothelial monolayer permeability. In addition, we speculate that inhibition of SHP2 in settings of edematogenic agents promotes a cascade of signals resulting in adherens junction disruption
In conclusion, our study supports a novel role for SHP2 in maintaining basal barrier function in the pulmonary vasculature. This study is the first to present a functional link between SHP2 activity and adherens junction integrity in regulating pulmonary barrier function. Further analysis of SHP2 and its effects on p120-catenin, VE-cadherin, p190RhoGAP, and Rho GTPases will assist in more clearly deciphering the signaling pathway(s) responsible for maintaining pulmonary endothelial barrier function.
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